ADDITIONAL INDEX WORDS. turfgrass breeding, phenotypic variability, cold hardiness, warm-season turfgrass ABSTRACT. Development of a new turfgrass cultivar requires an evaluation of numerous traits as well as an understanding of environmental factors influencing those traits. Growth or ability to fill in gaps and time of fall dormancy (fall color retention) that indicates cold hardiness are important traits for turfgrasses. This study was initiated to characterize variation in saltgrass lDistichlis spicata L. (Greene)] growth and time of fall dormancy related to climatic and geographical factors at the source location (geographical location of clone origin). Growth traits and time of fall dormancy were measured on 52 saltgrass clones collected from 41 locations and established at one location (common garden) in Fort Collins, CO. Principal component analysis on the morphological traits extracted the first principal component that explained 78% of the variability. The first principal component and time of fall dormancy were related to climatic and geographical factors at the source locations. Variation in growth traits was related to seasonal climatic variables of summer drying and fall cooling that explained 50% of variability in morphological traits.
Increased population growth and periods of drought in the semiarid western United States have increased demands for potable water. Consequently, many golf courses in dry western regions rely heavily on irrigation with nonpotable water (Hughes et al., 2002; Kopec and Marcum, 2001) . As demands for potable water increase in the West, there is interest in developing alternative turfgrass species that offer potential for reduced irrigation requirements as well as irrigation with nonpotable (often high-saline) water. Colorado State University is currently evaluating saltgrass and other native U.S. grasses for their potential use as turf. Saltgrass tolerates extended drought and irrigation with high-saline water (Rukavina, 2006) . Like many other native grass species, saltgrass has an adaptation to particular niche environments. It is well adapted to grow in very harsh soil conditions, and tolerates highly alkaline soils and certain metals like selenium (Eppley et al., 1998; Hauser, 2006) , which enables saltgrass to become dominant in environments with adverse conditions. Correlations between variation in traits and environmental factors of plant origin suggest that natural selection has led to adaptive variation to particular environments. Environmental factors are commonly measured directly as climatic or indirectly as geographical variables (St Clair et al., 2005) . It is generally thought that adaptation to local environments has generated variability within grass species (Casler and Duncan, 2003) . Humphreys and Eagles (1988) found a strong positive correlation between perennial ryegrass (Lolium perenne L.) freezing tolerance and mean temperature of the coldest month at the ecotype origin. The amount of heterochromatin and frequency of repeated DNA sequences of tall fescue (Festuca arundinacea L.) was strongly related to the latitude of clone origin (Ceccarelli et al., 1992) . This suggests that structural changes in DNA have enabled tall fescue adaptation to different geographical locations. The decline in the presence of orchardgrass (Dactylis glomerata L.) in Japan has been related to the increase in the mean summer temperature in southern parts of Japan as well as the decrease in the lowest temperature before snowfall in northeast parts of the country (Sugiyama, 2003) . Erickson et al. (2004) reported that longitude of ecotype origin was the most important variable that explained morphological and physiological differences among three geographically distinct groups of the native self-pollinated grass blue wildrye (Elymus glaucus Buckley). Ram et al. (2004) determined that large phenotypic variation occurred among 37 saltgrass ecotypes, but were not able to relate morphological traits to locations of clone origin. In that study, the relationship between geographical and genetic distance of saltgrass ecotypes was very weak, indicating that genetic interaction existed between geographically distant saltgrass ecotypes.
Efficient selection in a saltgrass breeding program necessitates characterization of germplasm in relation to environmental (climatic and geographical) factors. Determination of environmental factors that are most strongly related to variation in a specific trait can be useful to identify environments that may be best suited for particular clones. This study considers phenotypic variation of saltgrass growth and time of fall dormancy (fall color retention) as a function of geographical and climatic factors at the location of a saltgrass clone's origin as a first step in identifying potential new saltgrass turf cultivars.
Materials and Methods
A total of 52 clones from 41 different locations were chosen from a larger collection of saltgrass breeding material at Colorado State University. Clones were selected with the intention of covering a broad range of environmental conditions over which saltgrass is distributed in the central and western United States (Table 1) . Clones were established by transplanting in Summer 2003 at the Horticultural Research Center at Colorado State University in Fort Collins, CO. Each clone was established in two 5 x 5-rn plots in a randomized complete block design. The soil was a Nunn clay loam (mesic Aridic Argiustoll). No fertilizers were applied and the field was left unmowed. Irrigation was applied weekly during the summer by using a linear move irrigation sprinkler system. Latitude, longitude, and elevation were obtained for each location of clone origin (Maps ala carte, 1999). The climatic conditions for each location were obtained from geographical information system (GIS) layers generated by the PRISM (parameter elevation regressions on independent slopes model) statistical geographical model, which estimates mean monthly and annual temperature and precipitation, mean minimum and maximum monthly temperature, and the average dates of the last and the first frost for 4 x 4-km grid cells (Daly et al., 1994) .
Clone traits measured were time of fall dormancy (fall color retention) and growth traits (canopy height, internode length, leaf length, and leaf width). All measurements were performed by averaging two plants per clone. Time of fall dormancy or fall color retention is an indicator of saltgrass freezing tolerance. In freezing tolerance experiments performed in Colorado, saltgrass clones with better freezing tolerance turned brown (dormant) earlier in fall, whereas those less tolerant remained green longer (Rukavina et al., 2007) . Leaf color of clones was visually evaluated in the fall using a 9-point color scale. On the color scale, grade 9 represented completely green grass and grade 1 represented completely brown, dormant grass. Grade 5 represented the stage when 50% of the leaf area turned brown (Rukavina et al., 2007) . Color evaluation was periodically performed in October and Nov. 2004 . Growth traits were measured in late August/early Sept. 2004. Canopy height was measured from the soil level to the tip of the tallest leaf of plant in centimeters. Internode length (in millimeters) was measured on the three lowest internodes of three stems. Leaf length was measured in centimeters on the three lowest leaves on three stems from the stem to the tip of the leaf. Leaf width was measured in millimeters at the base of the three lowest leaves on three stems.
All statistical analyses were performed with SAS software (version 8; SAS Institute, Cary, NC). The experiment was analyzed as a randomized complete block design with two blocks or replicates. Analysis of variance (PROC MIXED) was performed to determine the effect of location of clone origin on measured traits. Analysis of variance included several models in which each trait of interest presented a function of three random factors: source locations, clones nested within locations, and blocks or replicates.
Principal component analysis (PROC PRINCOMP) was performed on the data set for leaf length, canopy height, and internode length. The first principal component (PC-1) explained most of the variation in traits of growth and was used as the estimate of "growth" in further analysis. Relationships between measured traits and geographical and climatic factors at locations of clone origin were determined using correlation and regression. Simple and multiple regression models were constructed by regressing growth (PC-1) and average rating of time of fall dormancy (dependent variables) on geographical and climatic factors (independent variables). Geographical factors included latitude, longitude, and elevation as well as the interaction term between latitude and longitude. Estimated climatic variables included monthly and annual precipitation and temperature (mean, minimum, and maximum) as well as several seasonal rate variables identified in the regression analyses; fall cooling (September maximum temperature October maximum) and summer drying (June mean precipitation -August mean precipitation). Model building was performed by using the R2 selection method of the PROC REG procedure. The best model was assumed to be the one that explained the greatest amount of variability with fewest terms. Maps of the predicted values for time of fall dormancy and growth were constructed for the selected regression models. Map construction was performed by retrieving the relevant independent variables from the regression equations in GIS data layers on a 4 x 4-km grid. Retrieved data were then used in the prediction equations to generate estimates for time of fall dormancy and growth. Different colors were used to represent ranges of predicted values in each grid.
Results and Discussion
Results from analysis of variance indicated that canopy height, internode length, and leaf length differed among locations of clone origin. Time of fall dormancy and leaf width did not differ significantly among locations of origin (Table 2) . Because time of fall dormancy had a probability very close to 0.05, it was retained for further analysis. Leaf width was removed from the data set. An analysis of variance considered a simple location effect that may or may not be associated with environmental (geographical and climatic) conditions present at the location of clone's origin.
The PC-1 from the principal component analysis explained 78% of the variability in the three morphological characteristics and had an eigenvalue of 2.35. The remaining two principal components had eigenvalues less than one and explained only a small percent of the total variability. Based on these results, only PC-1 was retained for further analyses and was used to represent a value for growth in these clones.
Growth was negatively correlated with summer drying (r = -0.38, P = 0.014) and positively correlated with fall cooling (r = 0.37, P = 0.015). The initial correlation analysis between growth (PC-1) and the climatic and geographical factors only found significant negative correlations of growth with spring (r = -0.39, P = 0.009) and early summer (r = -0.41, P = 0.006) precipitation. This type of association may be explained by clone water use efficiency. The clones originally from and areas may generally use water more efficiently than the plants from humid climates. In a common garden, water is equally available to all plants, so the plants from drier locations may grow more with the water applied than those from more humid locations. A water use efficiency study with the and land habitat shrub Chrysothamnus nauseosus (Pallas) Britt. (Donovan and  Table 1 . Latitudes, longitudes, and climatic factors (mean precipitation, maximum and minimum temperature) of sampling locations of saltgrass clones used in the study that considered phenotypic variation in saltgrass growth and time of fall dormancy as a function of geographical and climatic factors at the location of the clone's origin. 'The level of significance was 0.05. Factors and interactions with P < 0.05 were considered significant. An analysis of variance determined a simple location effect that may or may not be associated with environmental (geographical and climatic) factors at the locations of the clone's origin.
Ehleringer, 1994) determined that more water-efficient plants were larger in a well-watered garden treatment when compared with less water-efficient plants. That study also found no significant differences between more and less water-efficient plants in a limited -water treatment. Time of fall dormancy had a strong positive correlation with longitude (r = 0.65, P < 0.0001) and a moderate negative correlation with latitude (r = -0.335, P = 0.0303). Winter minimum temperatures were positively correlated with time of fall dormancy as well (r = 0.7, P < 0.0001). This indicates that lower temperatures during the winter leads to earlier dormancy in the fall. Longitude of clone origin and minimum winter temperature were also strongly associated (r = 0.59, P < 0.0001). Time of fall dormancy had negative correlations with spring (r = -0.55, P = 0.0001) and summer precipitation (r = -0.58, P < 0.000 1), but correlations were positive with fall (r = 0.42, P = 0.005) and winter (r = 0.54, P = 0.0002) precipitation. Presumably, a high level of precipitation in September and October may increase the length of growing season or alter time of fall dormancy late in the fall, thereby reducing potential cold hardiness. Linden (2002) reported that a longer growing season resulting from high precipitation levels in fall is an important factor that increases apple tree sensitivity to winter injury.
Regression analysis of saltgrass . Fig. 1 . Geographical vanatlo growth indicated that climatic factors which growth is a function contributed to the variability in temperature -October mt growth traits much more than geo-cipitationfl. Fall cooling pre graphical factors. Initially, one of the summer drying presents a d best four-variable regression models left comer present estimat independent variables from included September and October groupings are in the units c maximum temperatures and June and range of different growth v August precipitation [growth = -11.65 + (2.66 x September maximum temperature) (2.66 x October maximum temperature) -(0.09 x June mean precipitation) + (0.09 x August mean precipitation)]. However, the sign of the coefficients varied for each of the precipitation and temperature variables. This suggested that rate of change was important for summer precipitation and fall temperatures. As a result, the two variables (summer drying and fall cooling) were constructed. Of simple regression models, climatic variables such as summer drying and precipitation during the spring and summer months explained a similar amount of variability: 14% to 20%. Twovariable regression models suggested that most of the variation (50%) in morphological traits was associated with summer drying and fall cooling (R2 = 0.495). Because both summer drying and fall cooling were significantly correlated with PC-1, it seems likely that they are important factors associated with variation in saltgrass growth. The regression model described earlier is shown by the map that summarizes variation in saltgrass growth (Fig. 1) . Saltgrass showed growth patterns with low values along the coast and in the midwest, with high values in the Rocky Mountains. Regression analysis of time of fall dormancy indicated that variation in that trait was a function of both geographical and climatic factors. Longitude was the most important geographical factor and explained 42% of variability. Of climatic factors, winter, as well as January and February minimum temperatures, n observed in saltgrass growth. The map presents a multiple regression model in )f fall cooling and summer drying [growth = -11.33 + 1.80>< (September maximum a re temperature) -0.69 x (June mean precipitation -August mean presents a difference between maximum temperatures in September and October, and ifference between mean precipitation in June and August. The numbers in the lower ed values for saltgrass growth. These values were generated by retrieving the the regression equation in the geographical information system data layers. Color fan so of the 41 original points of saltgrass clone origin. Each color represents a alues.
explained a similar degree of variability in time of leaf browning (49% to 51%) in simple models. Of the two-variable models, a number of two-variable combinations explained 60% of the variation. However, based on variability explained in simple regression models, it was concluded that time of leaf browning in fall is strongly related to the winter month minimum temperatures and longitude, but precipitation explained some of the residual variation. The regression model in which time of leaf browning in fall is a function of longitude and February minimum temperature is visually illustrated by the map in Fig. 2 . As expected, as source locations move from warmer sites in the West along the coast to cooler sites in the eastern interior of the country, values for time of fall dormancy decrease, and therefore potential cold hardiness increases. This indicates that some clones from western locations may not have sufficient cold tolerance for establishment on eastern sites. This is the first study that provides information about geographical and climatic factors that contribute to the variation in growth and time of fall dormancy (indicative of cold hardiness) among saltgrass clones. The two variables in this study, growth (PC-1) and time of leaf browning in fall showed different patterns of variation relative to geographical and climatic factors. Although morphological traits showed variation associated with fall cooling and summer drying, variation in time of fall dormancy was strongly associated with longitude and minimum winter temperatures.
Seasonal climatic parameters of summer drying and fall cooling are likely the most important factors for saltgrass growth 0 0 F 00 0 0o 0,14 -0 SaltgraSS locations -3-5 L5-7 7-9 _9 -11 -11 -14 adaptation in the central and western United States. Decreased precipitation during the summer has likely resulted in natural selection for decreased growth during summer water deficiency. This was presumably an adaptation to summer drought. On the other hand, decreased temperatures in fall (or fall cooling) seem to have resulted in natural selection for increased growth as soon as conditions for growth become favorable. This is probably because lower temperatures in the fall reduce water requirements. Many perennial grasses in semiarid regions show a very slow growth rate during the summer drought and start growing faster in fall when temperatures and photoperiod decrease (Pugnarie et al., 1996) . This type of association between growth variation and climatic factors is also found in studies with several evergreen woody species. Biondi and Fessenden (1999) studied variation in lodgepole pine (Pinus con torta Doug!.) growth characteristics relative to climatic factors in California. They found a high negative correlation between July temperature and growth of lodgepole pine. The increased temperature in July caused greater water stress that in turn resulted in decreased growth. In a similar study with Douglas fir [Pseudotsuga menziesii (Mirbel) Franco] in western Oregon and Washington, St Clair et al. (2005) found that seedling sources with earlier bud burst produced increased growth before water limitation, and generally came from areas with higher summer temperature and lower summer precipitation. Furthermore, some morphological features, like smaller leaves in grasses that reduce transpiration, have a significant role in adaptation to an and environment (Erickson et al., 2004) .
Geographical variation in cold hardiness is generally considered an -.
adaptive response to environmental factors, such as temperature photope i iod and moisture (Balduman et al 1999) Many plant species have t shown latitudinal variation in cold o hardiness (Finne et al.,2000 Hannerz •9••Westin, 2000 Hurme et al., 1997;  0 Yao and Tigerstedt, 1995) or in phenological traits related to cold hardiness, such as growth cessation and dormancy (Ingvarsson et al., 2005) . In our study, the north-south interval of tested clones might not be broad enough to show strong latitudinal variation in time of leaf browning in fall. Time of fall dormancy showed east-west variation, which was associated with minimum temperatures during the winter months and rainfall pattern which were highly correlated with longitude. Cold hardiness was greater in clones from eastern locations, which is likely the result of the differences in winter temperatures and rainfall patterns between eastern and western sites. The climate on western sites is milder than that on eastern sites, and more of the rainfall happens during the winter months.
Our results indicate that lower temperatures, particularly temperatures during the winter months, have resulted in selection of greater cold hardiness (earlier fall dormancy) in saltgrass clones from eastern sites. Greater potential cold hardiness, associated with greater spring and summer precipitation, occurs in clones from eastern locations. Johnson et al. (2001) reported a relationship between buffalograss (Buchloe dact yloides Nutt.) cold hardiness and longitude. In that study, hexaploid clones with greater cold hardiness were more common in the eastern areas. On the other hand, tetraploid clones that are less cold hardy were only found in the western parts of the collection area. Our results also correspond to a similar study with scots pine (Pinus sylvestris L.) cold hardiness (Anderson and Fedorkov, 2004) . They found a strong association between scots pine cold hardiness and longitude, and interpreted longitudinal effects as the result of differences in temperatures between East and West. Cooler temperatures on eastern sites, especially in October (which is the most important for gaining winter hardiness) enabled faster cold acclimation and greater cold hardiness. In a study with Douglas fir, Balduman et al. (1999) found greater east-west variation in cold hardiness compared with north-south variation. In that study, cold hardiness increased with lower winter temperatures. In summary, seasonal climatic variables were better than geographical variables in explaining variation in growth of saltgrass ecotypes. Decreased growth may be an adaptation to drought during the summer months in the central and western United States. In the case of decreased growth, it seems likely that natural selection has resulted in morphological traits that relate to drought avoidance. On the other hand, selection for increased growth during fall cooling, and therefore a period of lower drought, have also resulted in variation among saltgrass clones. Time of fall dormancy had a discernible pattern on the landscape. Longitude of clone origin is likely associated with different temperature regimes during the winter, which have resulted in natural selection for cold hardiness in saltgrass clones. Overall, our results indicate variation in saltgrass growth (morphology) and time of fall dormancy are related to the environmental factors of source location. A saltgrass breeding program should therefore maintain geographical structure with regard to those traits analyzed in this study. Traits of saltgrass growth and time of leaf browning in fall (cold hardiness) showed a relationship with environmental factors at the source location, indicating that these traits may be of adaptive importance.
This study has not determined genetic variation in measured traits. Relations between molecular markers and traits examined in this study should provide a first step in finding specific genes responsible for phenotypic variation in saltgrass.
